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a b s t r a c t

Wave-induced ship motion and load responses are usually investigated on the assumption that the
incident waves are long-crested. The realistic sea waves are however short-crested irregular waves. Real
practice reveals that the ship motion and load responses induced by short-crested waves are different
from those induced by long-crested waves. This paper aims to conduct a comprehensive study on ship
motions and loads in different wave fields. For this purpose, comparative studies by small-scale model
towing tank test and large-scale model sea trial are conducted to experimentally identify the difference
between ship motions and loads in long-crested and short-crested irregular waves. Moreover, the in-
fluences of directional spreading function of short-crested waves on ship motions and loads are analyzed
by numerical seakeeping calculation. The results and conclusions obtained from this study are of great
significance for the further extrapolation and estimation of ship motions and loads in short-crested
waves based on long-crested wave response results.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To date, majority of the current numerical and experimental
seakeeping investigations are focus on ship motion and load re-
sponses in two-dimensional (2D) long-crested waves. As a matter
of fact, the realistic ocean waves are however three-dimensional
(3D) short-crested waves and they are associated with nonline-
arity, randomicity and directional spreading characteristics.
Therefore, accurate prediction of ship motion and load responses
induced by short-crested waves is of great significance for full-scale
ship design, assessment and operational guidance. Moreover, it is
fundamental for the further investigation of nonlinear slamming
event, green water on deck, missile launching and aircraft taking-
off issues for actual ship operating in seaways.

Literature work and real practice reveals that the motion and
load responses of ship and floating structures induced by short-
crested waves are different from those induced by long-crested
waves (Jacobi et al., 2014). The directional function of short-
crested waves also has certain influence on ship motion and load

responses even under the same sea state level. The wave loads
behavior of fixing structures in short-crested waves has been
investigated by frequency-domain approach in the early years.
Nwogu (1989) studied the wave forces and motions of fixed and
floating structures in random multi-directional waves both
numerically and experimentally. Wang (2006) investigated the
wave forces acting on a fixed long semicircular breakwater in 2D
and 3D random waves. Song and Tao (2007) investigated the gen-
eral 3D short-crested wave interaction with a concentric two-
cylinder system theoretically. Ji et al. (2015a) investigated the
interaction of multi-directional irregular waves with a large vertical
bottom-mounted cylinder by wave basin experiment. Ji et al.
(2015b) investigated the wave loads acting on an array of circular
bottom-mounted vertical cylinders in short-crested waves using
linear superposition theory. Sannasiraj et al. (1995) studied the
hydrodynamic behavior of 2D horizontal floating structures in
multi-directional waves theoretically. Li and Wen (2007) predicted
the motion responses of a FPSO in short-crested waves by spectral
analysis method. Naess (1990) analyzed the nonlinear second-
order forces and motions of offshore structures in short-crested
random seas.

Till now, the publications regarding motion and load responses
of ship advancing in short-crested irregular waves are limited.
Takezawa et al. (1989) conducted towed model tests in a long tank,
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where the directional spectrumwaves can be generated by a snake
type wave-maker. Zheng et al. (2009a) measured a ship model's
heave, roll, pitch and vertical acceleration responses in a laboratory
wave basin for both long-crested and short-crested wave testing
conditions. Zheng et al. (2009b) compared the ratio coefficient of
roll, pitch and heave responses of ship in short-crested waves to
those in long-crested waves based on frequency-domain theoret-
ical calculation and tank model experiment results. Chen et al.
(2011) predicted ship motion responses in both long-crested and
short-crested waves by a 3D Rankine source based potential flow
theory and spectral analysis method. Renaud et al. (2008) investi-
gated the effects of wave directionality on second order slow-drift
loads and the related response of a LNG carrier in multi-directional
waves. Lee et al. (2007) analyzed the hydroelastic responses of ship
in multi-directional irregular waves based on the combination of
3D source distribution method, dynamic response analysis and
spectral analysis method. Wang et al. (2012) analyzed the added
resistance of ship in both long-crested and short-crested irregular
waves by empirical formula.

On the other hand, majority of the ship seakeeping and hydro-
elasticity experiments are performed in laboratory basins using
small-scale models (Maron and Kapsenberg, 2014; Seo et al., 2016;
Jiao et al., 2017). Although some of the worldwide state-of-the-art
tank facilities allow the generation of short-crested irregular
waves (ITTC, 2011, 2014, 2017), the 3D waves artificially generated
in the tank are more or less different from those wind-generated
short-crested waves in natural sea areas (Glejin et al., 2016).
Moreover, fully developedwindwaves need enough space and time
for their evolution. In order to overcome the limitations attributed
to the conventional tank testing methods, large-scale model sea
trial technique was proposed and highlighted in the recent years
(Lloyd, 1989; Grigoropoulos and Katsaounis, 2004; Jiao et al., 2016).
Since the waves which the large-scale model subject to are 3D sea
waves, realistic and reliable ship responses in short-crested waves
can be obtained through such sea trial measurement. In this con-
dition themotion and wave load responses of the large-scale model
are of obvious nonlinear effects and with less scale effects (Jiao
et al., 2016). Fossati et al. (2015) measured the wind and wave
loads acting on a 10m length sailing yacht by full-scale sea trial. Jiao
et al. (2018) conducted a comparative study on the motion re-
sponses of monohulls by tank model measurement and large-scale
model sea trial. Camilleri et al. (2018) conducted full-scale sea trial
measurement for slamming loads and structural responses by a
9.8m high-speed planing craft.

In this paper, comprehensive experimental and numerical
studies are undertaken to comparatively investigate ship motion
and load responses in long-crested and short-crested waves. In
order to investigate the influence of incident wave field on ship
motions and loads, a small-scale model and a large-scale model
were tested in laboratory 2D long-crested waves and in realistic 3D
short-crested sea waves, respectively. The results by different
models are analyzed and compared to identify the difference be-
tween ship motions and loads in 2D and 3D incident wave fields.
Moreover, the influence of directional spreading function of short-
crested waves on ship motion and load responses are systemically
analyzed with the help of a potential flow theory based hydroe-
lastic code and also on the basis of directional spectral analysis
method.

2. Experimental setup

2.1. Ship description

A 72,000 ton class ship is adopted for comparative investigation,
which includes 1/50 small-scale model tank test, 1/25 large-scale

model sea trial and full-scale theoretical calculation. The concep-
tual design of the bow flare ship is illustrated in Fig.1. The definition
of ship 6-DOF global motions and 6-component sectional loads are
explained in Fig. 2. Main dimensions of the prototype and models
are listed in Table 1. In the table, VCG and LCG respectively denotes
vertical and longitudinal Centre of Gravity (COG), BL denotes
baseline, AP denotes after perpendicular, Kxx and Kyy denote
transverse and longitudinal radii of gyration, respectively.

The ship has 20 stations and they are numbered in the order
from Forward Perpendicular (FP) to AP. The longitudinal distribu-
tion of mass and Vertical Bending Moment (VBM) of inertia for the
ship prototype is shown in Fig. 3. The vertical vibration mode
characteristics of ship prototype are estimated by Transfer Matrix
Method (TMM), which idealizes the hull girder as a non-uniform
Timoshenko beam. Fig. 4 shows the obtained dry modal shape of
ship in vertical vibration mode. The corresponding full-scale
1st~3rd order dry natural frequencies are 1.264 Hz, 3.078 Hz and
5.579 Hz, respectively.

2.2. Design of two experimental models

To allow the comparative experimental investigations, two
segmented models were constructed by material of Fiberglass
Reinforced Plastic (FRP) at different scales of 1/50 and 1/25 ac-
cording to the prototype. The small-scale model and large-scale
model were tested in 2D laboratory tank waves and in 3D real
sea waves, respectively. For the comparative benchmarking in-
vestigations, model setup and sensor arrangement of the two
models are designed to be the same while with different scales. A
comparative overview of the two testing models is shown in Fig. 5.

For the measurement of wave loads and hydroelastic responses,
the models are designed to be cut into seven parts of segments at
the 2nd, 4th, 6th, 8th, 10th and 12th stations. Stations from 13th to
20th at the stern area are used for housing the self-propelled
mechanism, which mainly includes motors, shafts, gearboxes and
propellers. Steel backbone beams, which are fixed at the height of
model's vertical bending neutral axis, are used to connect the
segments. Wave-induced global VBM and Vertical Shearing Force
(VSF) at these cut sections are measured by strain gauges mounted
on the backbone surface. The VBM is measured by full-bridge cir-
cuit formed by four strain gauges, and the VSF is obtained by dif-
ferencing the adjacent VBMs. Accelerometers are mounted on deck
of bow, middle and stern areas to measure the vertical acceleration.
The large-scale model's overall arrangement is shown in Fig. 6.

Mass distribution and moment of inertia of the models are
adjusted to be similar with the full-scale ship by properly arranging
the onboard equipments and iron blocks. Hollow structure steel
backbones are designed for the models. The backbones are made
with different cross-sectional parameters for width and height at
different sections. Changes of the sectional dimensions are made at

Fig. 1. Ship overview.
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these six cut sections. Rectangular hollow structure backbones are
adopted at the 1st~5th and 7th~13th sections to measure sectional
VBM and VSF. Cylindrical hollow structure backbones are adopted
at the 5th~7th sections to measure Torsional Moment (TM) besides
VBM and VSF. General arrangement of the backbone schemes of the
two models is shown in Fig. 7.

The backbones are designed to ensure that the two-node vi-
bration natural frequency of models is in similar with that of the
prototype. In addition, the vertical bending stiffness distribution of
backbones is also similar with the prototype along ship length. The
parameters of the designed backbones are listed in Table 2. The
symbols L, H, d and t denote inner wall width, inner wall height,
thickness of vertical wall and thickness of horizontal wall of the
tubular beam cross-section, respectively. Note that double back-
bones are designed at the 7th~9th sections of the small-scale model
to make space for heave stick installation. Fixing systems are

installed at the 1st, 3rd, 5th, 7th, 9th, 11th and 13th sections to fix
the backbones to the segmented hulls rigidly.

As shown in Fig. 8, the global 5-DOF motion (i.e. heave, pitch,
roll, sway and surge) of the small-scale model is measured by a
seaworthiness instrument, which is installed on the measurement
bridge of the towing carriage. The model is attached to the 5-DOF
motion measurement device by two heave sticks. On the other
hand, the 6-DOF motion and navigational state of the large-scale
model at sea are measured by a dedicated Global Positioning Sys-
tem/Inertial Navigation System (GPS/INS) device. A total of four
propellers of the self-propelled models are driven by two motors
with the helpful of a suite of transmission gear. A comparative view
of the two models' propulsion mechanism is shown in Fig. 9.

2.3. Experimental testing conditions

The small-scale model test was conducted in the Ocean Basin of
Harbin Engineering University. The deepwater basin has a dimen-
sion of 50m long, 30m wide and 10m deep. Both long-crested
regular and irregular waves can be generated by a computerized
wave-maker. The largest wave height allowable for regular waves is
0.4m and the largest significant wave height allowable for irregular
waves is 0.32m. The generating capacity of wave period lies in the
range of 0.5e4 s. Arbitrary incident wave heading for model testing
can be realized with the help of a comprehensive X-Y type towing
carriage. The maximum speed of the main carriage is 3m/s and the
sub-carriage is 2m/s. The time series at model's steady run region
are combined together using the data measured during several
independent runs so as to get ample samples of waves and ship
responses for statistical analysis.

Fig. 2. Definition of global motions and loads.

Table 1
Main dimension of the ships.

Principal dimension Prototype Small-scale model Large-scale model

Scale 1/1 1/50 1/25
Length overall (m) 313 6.26 12.52
Length waterline (m) 292 5.84 11.68
Moulded breadth (m) 39.50 0.79 1.58
Depth (m) 25.50 0.51 1.02
Draft (m) 10 0.20 0.40
Displacement (t) 71875 0.575 4.60
VCG from BL (m) 16 0.32 0.64
LCG from AP (m) 140.5 2.81 5.62
Kxx (m) 13.83 0.277 0.553
Kyy (m) 78.25 1.565 3.13

Fig. 3. Distributions of mass and VBM of inertia.

Fig. 4. Modal shape in vertical vibration mode.
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The large-scale model sea trial was conducted in the coastal sea
area of Bohai Bay, China. The experimental site was selected at
about 5 km away from the beach to prevent wave shoaling,
reflection and diffraction effects. The experiments should be con-
ducted at high-tide time to prevent swell waves. The sea trial
measurement is conducted in different sea conditions, at different
forward speeds and headings. During the experiment, the forward
speed and heading angle of the large-scale model are controlled by
crew onboard an auxiliary yacht via radio signal. The heading angle
of large-scale model is kept by an autopilot system. Meanwhile, a
wave buoy is used to measure the experimental sea wave field. A
comparative view of the experimental environments and testing
facilities for the two models is shown in Fig. 10.

Measurement of the wave state is necessary to correlate ship

motion and load responses to the specified wave environment.
During the laboratory test, surface elevation of the tank waves was
measured by a resistive wave probe, which is fixed 10m distance
from the wave-maker. The wave spectrum is obtained by auto-
correlation function method based on the measured time series
of wave elevation. On the other hand, since fixed reference platform
for wave probe installation is difficult to be found at sea, an in-
house developed directional wave buoy was used to measure the
vertical acceleration of the short-crested sea waves. View of the
wave buoy and large-scale model at sea is shown in Fig. 11. The
diameter of the wave buoy was designed to be 0.4m so as to
respond the low waves in coastal areas. The buoy's measurement
capacity for wave height and frequency lies in the range of
0.02e2m and 0e4 rad/s, respectively. The buoy is deployed at

Fig. 5. Model overview.

Fig. 6. Large-scale segmented model arrangement.

Fig. 7. Backbone system.
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center of the trial area during measurement. As post-voyage anal-
ysis, the wave spectrum and statistical parameters are obtained by
the measured time series of vertical acceleration and slope angles.

3. Analyses of experimental results

The experimental results by small-scale model tank test and
large-scale model sea trial are analyzed and compared in this sec-
tion. In order to ensure that similar wave states can be suffered by
the two models, the large-scale model sea trials were firstly con-
ducted. Then expected wave states were generated by the labora-
tory computerized wave-maker for small-scale model tank
measurement. The wave fields for 2D and 3D waves are analyzed at
first. Then the models' motion and load responses under different

wave fields are compared.

3.1. Analysis of incident wave fields

As is known, the irregular wave state is usually described by
wave power spectrum, significant wave height (H1/3) and charac-
teristic period (T02). The relationship between wave parameters at
model scale and full-scale is guided by the Froude's similitude law.
An illustrative view of the simulated 2D and 3D waves and the
estimated directional spectrum is shown in Fig. 12. As is seen, the
description of 3D short-crested waves is much more complex and
real than 2D long-crested waves. The wave spectrum in Fig. 12(c) is
estimated by auto-correlation functionmethod using themeasured
time series data of short-crested waves (Yu, 2003).

In this study, two typical wave conditions are selected for
investigation: (i) the extreme sea state (H1/3¼15m at full-scale)
and (ii) the design sea state (H1/3¼ 9m at full-scale). The extrapo-
lated full-scale wave parameters based on the wave measurements
are summarized in Table 3. In the table, the tank wave and seawave
parameters are calculated by using the measured time series. The
results indicate that the tank waves and sea waves are in a same
wave state level since the full-scale wave parameters are close. Due
to the fact that the incident wave fields of 2D tankwaves and 3D sea
waves are quite different, the ship responses obtained by different
models should be evaluated and compared in a proper way. With
this in mind, the 1D dominant wave spectrum is derived from the
2D overall seawave spectrum by extracting the spectral component
in dominant direction (q¼ 0). And the dominant sea wave param-
eters derived by the dominant wave spectrum are also listed in
Table 3.

3.2. Comparison of ship motion and load responses

In this section, ship motion and load responses are compared
between the small and large scale model testing results. The full-
scale ship forward speeds in the above-mentioned extreme and
design wave conditions are 5 knots and 18 knots, respectively. Re-
sults for head wave conditions are selected for investigation in this
study. Table 4 shows the comparison of full-scale Single Significant
Amplitude (SSA) values of roll, pitch, heave, bow acceleration (at
0th station), VBM amidships (at 10th station) and VSF at quarter
ship length from FP (at 6th station) by different testing methods.
The ratios of the SSA values for ship in short-crested waves to those
in long-crested waves under equivalent sea state are also listed in
the table.

As seen from the results, the roll motion of ship sailing in 3D
waves is obvious even for headwave conditions. Generally, the ratio
coefficients for pitch, VBM and VSF are lower than 1, and lies in

Table 2
Parameters of the backbones.

Segment Station Small-scale model
(mm)

Large-scale model (mm)

L H d t L H d t

1 1e2 90 73 3.5 5 246 150 6 10
2 2e3 90 73 3.5 5 246 150 9 10

3e4 90 73 3.5 5 246 150 9 10
3 4e5 95 73 6 5 246 150 15 10

5e6 96 96 5 5 179 179 19 19
4 6e7 96 96 5 5 179 179 19 19

7e8 93 73 5 5 246 150 14 19
5 8e9 93 73 5 5 246 150 16 19

9e10 106 84 9 7 246 150 16 19
6 10e11 106 84 9 7 246 150 19 19

11e12 106 84 9 7 246 150 19 19
7 12e13 104 84 8 7 246 150 15 19

Fig. 8. Small-scale model tank experimental setup.

Fig. 9. Propulsion mechanism system.
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0.714e0.906. While the ratios for heave and vertical acceleration
are around 1, and lie in a narrow range of 0.987e1.092. Thus, it can
be concluded that the pitch and sectional load responses induced
by 3D waves are lower than those induced by 2D waves under
equivalent wave state level.

Given that the incident wave fields of tank waves and sea waves

are quite different, the ship responses obtained by different models
should be evaluated and compared in an improved way. Therefore,
the large-scale model's vertical motion and load responses are
assumed to be induced by the dominant component waves. Table 5
shows the responses of ship induced by unit wave height for
different wave conditions those summarized in Table 3. The results
indicate that the ship vertical responses for pitch, heave and ac-
celeration in 2D waves are close to those in 3D waves; while the
VBM and VSF load responses in 2Dwaves are close to those induced
by 3D dominant waves.

In addition, the ratio of the SSA value under unit wave height by
large-scale model test to that by small-scale model test is shown in
Fig. 13, where both the large-scale model results for 3D overall
waves and 3D dominant waves are used to comparewith the small-
scale model results. Fig. 13(a) shows the ratio of large-scale model

Fig. 10. Comparison of experimental conditions and facilities.

Fig. 11. Large-scale model experimental scene.

Fig. 12. Illustration of 2D and 3D waves and directional spectrum.

Table 3
Comparison of the wave parameters.

Item Extreme sea state Design sea state

H1/3 (m) T02 (s) H1/3 (m) T02 (s)

Tank wave 15.22 14.59 9.25 12.64
Sea wave 14.91 14.85 9.13 12.76
Dominant sea wave 11.90 14.85 7.29 12.76
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response in 3D overall waves to small-scale model response,
Fig. 13(b) shows the ratio of large-scale model response in 3D
dominant waves to small-scale model response. As seen from the
results, the pitch, heave and acceleration responses in 2D and 3D
waves induced by unit wave height almost show the same result.
While the VBM and VSF load responses of ship in 2D waves are
more close to those induced by 3D dominant waves rather than the
3D overall waves. Therefore, it can be concluded that the vertical
sectional load responses of ship sailing in head waves are mainly
induced by the oncoming dominant waves.

3.3. Uncertainty discussion

It is necessary to include uncertainty analysis when presenting
experimental results of seakeeping tests (Kim and Hermansky,
2014). The main uncertainties associated with the large-scale
model testing measurement and the comparisons with tank
model test are discussed as follows.

Analysis of incident waves is the fundamental work prior to ship
seakeeping performance analysis. In the laboratory tank, long-
crested waves of expected wave height and period can be accu-
rately produced by the artificial wave-maker. The wave elevation is
also accurately measured by the resistivewave probe. However, the
actual sea waves have a strong randomicity and nonlinearity, and
they are broadly distributed inwave frequency. As a matter fact, the
wave buoy is only responsible in the measurement of waves over a
certain range of frequency. Moreover, the dominant wave direction
is identified by the measured data and also by visual observation,
and the judgment accuracy is within 10�. Therefore, the estimated

wave states for large-scale model measurement are associated with
larger uncertainty compared with tank tests. Moreover, the realistic
sea waves may associate with shoaling, diffraction, refraction,
reflection and breaking effects.

Although the data obtained by large-scale model measurement
is more realistic than tankmodel tests, there are more uncertainties
in the large-scale model's seakeeping measurement. In the labo-
ratory tank test, the forward speed and heading angle of small-scale
model are well guided by the towing carriage, which has a good
speed accuracy of 0.001m/s. However, the forward speed of large-
scale model fluctuates within 0.1m/s due to the influence of wind
and current loads and wave added resistance in natural sea envi-
ronment. Although a state-of-the-art autopilot is used to keep the
large-scale model's heading angle, it fluctuates in a range of 5�,
which is affected by the rudder efficiency and wave-induced yaw
motion.

4. Numerical approach

The 3D frequency-domain hydroelasticity theory is employed to
calculate the motion and load responses of ship sailing in regular
waves. The directional spectral analysis method is then adopted to
estimate ship motions and loads in short-crested irregular waves.

4.1. The 3D frequency-domain hydroelasticity theory

In the potential flow theory, the fluid is assumed to be ideal, i.e.
irrotational, inviscid, continuous and incompressible. In order to
describe ship motions in the wave field, three different coordinate

Table 4
Comparison of the ship response SSA values.

Item Extreme sea state Design sea state

Small model Large model Ratio Small model Large model Ratio

Roll (�) �� 10.68 �� �� 5.84 ��
Pitch (�) 4.24 3.84 0.906 3.19 2.78 0.871
Heave (m) 5.47 5.62 1.027 3.71 4.05 1.092
Acceleration (m/s2) 2.74 2.92 1.066 3.87 3.82 0.987
VBM (MN$m) 2425 1950 0.804 1726 1233 0.714
VSF (MN) 30.41 22.85 0.751 20.58 16.52 0.803

Table 5
Ship vertical responses induced by unit wave height.

Item Extreme sea state Design sea state

2D wave 3D wave 3D dominant wave 2D wave 3D wave 3D dominant wave

Pitch (�) 0.28 0.26 0.32 0.34 0.30 0.38
Heave (m) 0.36 0.38 0.47 0.40 0.44 0.56
Acceleration (m/s2) 0.18 0.20 0.25 0.42 0.42 0.52
VBM (MN$m) 159.33 130.78 163.87 186.59 135.05 169.14
VSF (MN) 2.00 1.53 1.92 2.22 1.81 2.27

Fig. 13. Ratio of large/small model responses under unit wave height.
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systems are adopted (see Fig. 14). They are: i) the space-fixed sys-
tem O-XYZ is an inertia system with the plane OXY lying on the
undisturbed free surface and the OZ pointing vertically upward. ii)
the plane movement system o-xyz is a movement coordinate sys-
temwith the same moving speed and direction as the ship forward
speed U and wave heading angle b. The plane oxy is coincident with
the undisturbed free surface all the time. iii) the body-fixed system
G-xbybzb is fully fixed on the moving ship and the G is coincident
with the COG of ship.

In the plane movement coordinate system o-xyz, the distur-
bance potential around the ship can be decomposed into:

FT ðx; y; z; tÞ ¼ Re

(
za½40ðx; y; zÞ þ 4dðx; y; zÞ�eiuet

þ
Xm
r¼1

4rðx; y; zÞpraeiuet

)
(1)

where za denotes wave amplitude, ue denotes wave encounter
frequency, 40 (x, y, z) denotes incident wave potential under unit
wave amplitude, 4d (x, y, z) denotes diffraction wave potential un-
der unit wave amplitude, 4r (x, y, z) denotes the rth order radiation
potential under unit motion amplitude, pra denotes the amplitude
of rth motion mode (where r¼ 1e6 denotes rigid body global
motion, r¼ 7~m denotes hull girder elastic deformation).

The incident wave potential 40 is fully determined by the known
incident wave field. For the convenience of formulism, the
diffraction potential 4d (x, y, z) is replaced by 4mþ1 (x, y, z) in the
following statements. The radiation and diffraction potentials 4j

(j¼ 1, 2, …, mþ1) are determined by the following boundary
conditions:

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

V24j ¼ 0; ðin UÞ

�u2
e4j þ g

v

vz
4j ¼ 0; ðon SF ; z ¼ 0Þ

v4j

vn
¼

8>>><
>>>:

�
iueuj � U

v

vx
uj

�
,n; ðj ¼ 1;2;/;mÞ

�v40
vn

; ðj ¼ mþ 1Þ
; ðon SBÞ

8>><
>>:

v4j

vz
¼ 0; ðon SH ; z ¼ �HÞ

V4j ¼ 0; ðon SH; z/�∞Þ

lim
R/∞

ffiffiffi
R

p �
v4j

vR
� ik4j

�
¼ 0; ðon S∞; R/∞Þ

(2)

where U, SF, SB, SH and S∞ respectively denotes the fluid domain,

free surface condition, body surface condition, bottom condition
and infinity condition, k denotes wave number, n denotes the body
surface inward-directed unit normal vector, uj denotes the body
surface displacement vector caused by rth order motion mode.

The source distribution method is used to solve the velocity
potential which satisfies the above boundary conditions. The
frequency-domain Green function is introduced and the distributed
source strength is solved by Hess-Smith panel method. Once the
velocity potential is obtained, the hydrodynamic pressure acting on
wetted hull surface can be obtained by Bernoulli equation:

p ¼ �r

�
vFT

vt
� V

vFT

vx
þ gz

�
(3)

where r denotes fluid density, V denotes fluid velocity, g denotes
gravitational acceleration.

The wave forces acting on ship surface can be obtained by
integrating the pressure over the whole wetted surface. The
generalized wave excitation force Fr, radiation force Er and hydro-
static restoring force Rr are respectively obtained by:

Fr ¼ �rza∬ S0
n,ur

�
iu� U

v

vx

�
ð40 þ 4dÞds (4)

Er ¼ �r
Xm
k¼1

∬ S0
n,ur

�
iu� U

v

vx

�
4kpkads ¼

Xm
k¼1

Hrkpka (5)

Rr ¼ �rg
Xm
k¼1

∬ S0
n,urwkpkads (6)

where S0 denotes the mean wetted hull surface, wk is the vertical
displacement component of ur caused by kth order motion, the
coefficient term Hrk in radiation force expression is expressed as:

Hrk ¼ �r∬ S0
n,ur

�
iue � U

v

vx

�
4kds (7)

The frequency-domain hydroelastic governing equation of hull
in regular waves is expressed as follows:

h
� ue

2ð½a� þ ½A�Þ þ iueð½b� þ ½B�Þ þ ð½c� þ ½C�Þ
i
fpag ¼ fFg (8)

where [a], [b] and [c] are generalized structural mass, damping and
stiffness matrices, respectively; [A], [B] and [C] are generalized fluid
added mass, damping coefficient and hydrostatic restoring
matrices, respectively; {F} is generalized wave excitation force
matrix.

The coefficients in generalized fluid added mass matrix [A],
damping coefficient matrix [B] and hydrostatic restoring matrix [C]

Fig. 14. Definition of coordinate systems.
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are expressed by:

Ark ¼ ReðHrkÞ
.
ue

2 (9)

Brk ¼ �ImðHrkÞ=ue (10)

Crk ¼ rg∬ S0
n,urwkpkads�∭ Vb

rbur,ðg� qkÞdV (11)

where qk denotes the angular rotation caused by kth order motion,
rb denotes generalized density of hull, Vb denotes volume of
displacement.

Once the principal coordinates for different modes are obtained,
the vertical displacement w0(xb, yb, zb, t), bending moment M0(xb, t)
and shearing force V0(xb, t) at any given cross section can be ob-
tained by the following modal superposition method:

w
0 ðxb; yb; zb; tÞ ¼ eiuet

Xm
r¼1

wrðxb; yb; zbÞpra (12)

M
0 ðxb; tÞ ¼ eiuet

Xmþ1

r¼0

MrðxbÞpra (13)

V
0 ðxb; tÞ ¼ eiuet

Xmþ1

r¼0

VrðxbÞpra (14)

wherewr (xb, yb, zb, t) denotes the vertical displacement component
of rth order modal shape, Mr (xb) and Vr (xb) denote the rth order
component of bending moment and shearing force, respectively.
For r¼ 0 and r¼mþ1 cases, the pra¼ za.

4.2. Spectral analysis approach

In the spectral analysis theory, the motion and load responses of
ship in irregular waves are the linear outputs of incident waves.
Thus, ship response spectrum in long-crested irregular waves can
be obtained by:

SðueÞ ¼ jHðueÞj2SzðueÞ (15)

where H (ue) denotes RAO in encounter frequency.
Similarly, the response spectrum for ship in short-crested

irregular waves can be obtained by 2D spectral analysis method:

Sðue; b0 þ qÞ ¼ jHðue; b0 þ qÞj2Szzðue; qÞ (16)

where b0 denotes the heading angle of ship with respect to the
dominant wave, q denotes the angle between component wave and
dominant wave directions.

The variance (0th order moment) of the 2D response spectrum
can be obtained by:

m0ðb0Þ ¼
Zp

�p

Z∞

0

Sðue; b0 þ qÞdudq (17)

Then the response SSAvalue of motions or loads can be obtained
by:

A1=3 ¼ 2
ffiffiffiffiffiffiffi
m0

p
(18)

5. Analysis of numerical calculation results

In this section, the Response Amplitude Operators (RAOs) of
ship motions and loads are calculated by the 3D frequency-domain
hydroelasticity theory. Then the obtained RAOs are used to predict
ship motions and loads in irregular waves by spectral analysis
method. Moreover, the numerical results are validated by
comparing with the experimental results.

5.1. Mesh convergence analysis

An in-house developed numerical seakeeping and hydroelastic
analysis code is used to obtain ship's motion and load responses.
The hull hydrodynamic model is divided into 21 blocks by 20 sta-
tions, and the sectional loads at these stations are calculated. The
mass of each block is input so as to calculate the COG and inertia of
the whole ship. The sectional area, position of shear center and
centroid are also input for sectional load calculation. The vibration
mode shape and frequency of the flexible hull girder are calculated
by the TMM.

The hull surface governing grid is established based on the hull
line information. Then the hull wetted grid, which is used for hy-
drodynamic calculation, is generated by means of cubic spline
curve method using the surface governing grid (Zhang et al., 2001).
The influence of mesh number on numerical simulation results is
analyzed in order to achieve a compromise between the calculation
efficiency and accuracy. For this propose, five kinds of hull grid
scheme are involved for comparative investigation. The generated
hull surface governing grid and hydrodynamic calculation grid for
the five mesh schemes are shown in Figs. 15 and 16, respectively.
The panel numbers for different mesh schemes are listed in Table 6.

The ship responses for head waves at two typical speeds (i.e. 5
knots and 18 knots) are selected for calculation. The calculated
RAOs of pitch, heave, VBM amidships and VSF at quarter ship length
from FP for different mesh schemes are shown in Figs. 17 and 18. As
seen from the results, the influence of mesh number on pitch and

Fig. 16. Hull hydrodynamic calculation grid.

Fig. 15. Hull surface governing grid.
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heave is very small. The VBM and VSF results by different mesh
scheme calculation show good agreement at low frequency range;
however, too few or too many meshes will cause load distortion at
high frequency range due to the irregular frequency issue. It is
noted that the irregular frequency issue is addressed by introducing
distributed source on the hull water plane during the calculation.
Therefore, the hull grid in scheme 4 is used for further investigation
and analysis.

5.2. RAOs for motions and loads

The numerical simulation was done for infinite water deep
condition. To be in accordance with the testing schemes, two
typical speeds, i.e. 5 knots and 18 knots, are selected for calculation.
A total of 13 wave headings, ranging from 0� to 180� andwith a step
of 15�, are selected for calculation. The calculation wave frequency
ranges from 0.02 to 2 rad/s with a step of 0.02 rad/s. The calculated
RAOs of roll, pitch, heave, bow acceleration, VBM amidships and
VSF at quarter ship length from FP are shown in Figs. 19 and 20 for
forward speed 5 knots and 18 knots cases, respectively.

5.3. Comparison of statistical values with measurement

The ship motions and loads in both long-crested and short-
crested irregular waves are predicted based on the spectral

analysis method using the obtained RAOs. The ISSC wave spectrum
and typical directional function (n¼ 2) are combined and used in
the numerical calculation. A comprehensive comparison between
the numerical and experimental results for ship sailing in head
waves under the extreme sea state (H1/3¼15m, T02¼14.5 s and
U¼ 5 knots) and design sea state (H1/3¼ 9m, T02¼12.5 s and
U¼ 18 knots) is shown in Table 7. The tank model test and large-
scale model sea trial results are used to compare with the calcu-
lation results for ship in 2D and 3D waves, respectively.

The comparison indicates that good agreement is achieved be-
tween numerical and experimental results with error less than 10%
for majority of the cases. Moreover, the relative response values for
ship in long-crested and short-crested waves show the same trend
between numerical calculation and experimental measurement.

6. Influence of directional spectra on ship responses

In this section, the influence of directional function on ship
motion and load responses is systemically investigated by numer-
ical calculation. Some useful coefficients, which can be further used
for rapid estimation of ship motions and loads in short-crested
waves on the basis of long-crested wave results, are finally
concluded.

6.1. The directional wave spectra

The ship motion and load responses in short-crested waves are
predicted under the extreme sea state (H1/3¼15m, T02¼14.5 s and
U¼ 5 knots) and design sea state (H1/3¼ 9m, T02¼12.5 s and
U¼ 18 knots). The directional wave spectrum can be expressed by
the product of overall wave spectrum and directional function:

Szzðu; qÞ ¼ SzðuÞDðu; qÞ (19)

where u denotes wave frequency, q denotes the angle between

Table 6
Panel number for each scheme.

Scheme Hull plan panel Hydrodynamic panel

1 245 344
2 396 840
3 800 1472
4 1040 2300
5 1144 2926

Fig. 17. Comparison of calculation results at 5 knots by different meshes.
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component wave and dominant wave directions, Sz(u) denotes
overall wave spectrum, D (u,q) denotes directional function.

In this study, a total of four different kinds of wave spectrum, i.e.
the ITTC, ISSC, JONSWAP and China Ocean spectrum, are adopted
for calculation (Li, 2003). The generalized formula for the ITTC and
ISSC spectra is expressed as follows:

SxðuÞ ¼
A
u5 exp

�
� B
u4

�
(20)

where A¼ 8.10� 10�3 g2 and B¼ 3.11/(H1/3)2 for ITTC spectrum,
while A¼ 173(H1/3)2/(TZ)4 and B¼ 691/(TZ)4 for ISSC spectrum.

Fig. 18. Comparison of calculation results at 18 knots by different meshes.

Fig. 19. The motion and load RAOs for ship at forward speed 5 knots.
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The JONSWAP spectrum is generally expressed as follows:

SxðuÞ ¼ ag2
1
u5 exp

�
� 5
4

�u0

u

�4�
g
exp

�
� 1

2s2

�
u�u0
u0

�2
�

(21)

where u0 denotes spectral peak frequency, a denotes energy
dimension parameter, g denotes peak elevation factor and is
selected to be the average value of 3.3 in this study, the shape
parameter of spectral peak is selected to be s¼ 0.07 for u<u0 and
s¼ 0.09 for u>u0.

The China Ocean spectrum is generally expressed as follows:

SxðuÞ ¼
0:74
u5 exp

 
� g2

U2
wu

2

!
(22)

where the wind speed can be derived by significant wave height:

Uw ¼ 6:28
ffiffiffiffiffiffiffiffiffiffi
H1=3

q
(23)

In general, a theoretical cosine type directional function is used
to describe the short-crested waves in the ocean (Yu, 2003):

Dðu; qÞ ¼ Gðn=2þ 1Þffiffiffi
p

p
Gðn=2þ 1=2Þcos

nq; �p

2
� q � p

2
(24)

where G denotes Gama function, n denotes positive integer.
In order to investigate the influence of directional function on

ship responses, the ship motion and load responses are predicted
under different wave states. The selected wave states are of the
same significant wave height, characteristic period and spectral
formula while with different directional functions (n¼ 1e8 cases).
For clarity, the directional functions corresponding to n¼ 1e8 ob-
tained by Eq. (24) are summarized in Fig. 21. As is seen, the waves
are of broad-banded distribution in directionwhen n¼ 1; while the
direction distribution becomes narrower and narrower with the
increasing of n; when n/þ∞, thewaves can be considered as long-
crested waves.

6.2. Results for head wave conditions

Figs. 22 and 23 show the calculated SSA values of ship motions
and loads in short-crested waves with different n in head wave
conditions for extreme sea state (H1/3¼15m, T02¼14.5 s and U¼ 5
knots) and design sea state (H1/3¼ 9m, T02¼12.5 s and U¼ 18
knots), respectively.

As seen from the results, the directional function has a certain

Fig. 20. The motion and load RAOs for ship at forward speed 18 knots.

Table 7
Comparison between numerical and experimental results.

Response Extreme sea state (H¼ 15m, T¼ 14.5 s, V¼ 5 kn) Design sea state (H¼ 9m, T¼ 12.5 s, V¼ 18 kn)

2D test 2D Cal. Error (%) 3D test 3D Cal. Error (%) 2D test 2D Cal. Error (%) 3D test 3D Cal. Error (%)

Roll (�) �� 0 �� 10.68 11.56 8.24 �� 0 �� 5.84 5.35 �8.39
Pitch (�) 4.24 4.09 �3.54 3.84 3.92 2.08 3.19 3.02 �5.33 2.78 2.90 4.32
Heave (m) 5.47 4.95 �9.51 5.62 5.48 �2.49 3.71 3.48 �6.20 4.05 3.82 �5.68
Acceleration (m/s2) 2.74 2.48 �9.49 2.92 2.68 �8.22 3.87 3.51 �9.30 3.82 3.51 �8.12
VBM (MN$m) 2425 2467 1.73 1950 2007 2.92 1726 1648 �4.52 1233 1393 12.98
VFS (MN) 30.41 28.94 �4.83 22.85 24.16 5.73 20.58 21.36 3.79 16.52 17.94 8.60
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influence on ship motion and load responses even under the same
wave height level. Generally, the directional function has the most
obvious influence on roll motion. The roll motion decreases rapidly
with the increasing of n from 1 to 8. It is known that the roll motion
for ship sailing in long-crested head waves (n/þ∞ condition)
trends zero. On the other hand, the directional function has least
influence on pitch, heave and bow acceleration. It is seen that the
pitch increased, while the heave reduced, gently with the
increasing of n from 1 to 4. The bow acceleration reduced gently
with the increasing of n from 1 to 4 at 5 knots forward speed
condition; while it increases gently at 18 knots forward speed
condition. The sectional VBM and VSF increase evidently with the
increasing of n from 1 to 6. It indicates that the long-crested wave
over-estimates ship load responses and will lead to a conservative
ship structure design and assessment. In addition, it is noted that
the variation of pitch, heave, bow acceleration and sectional loads is
not very pronounced at n ranging from 6 to 8. It also means that the

results obtained by adopting n> 6 are close to the long-crested
wave results.

6.3. Results for different wave headings

For a further investigation of the influence of directional func-
tion on ship responses, the ship motion and load response SSA
values in the above twowave conditions are calculated for different
wave headings at directional function n¼ 1e8 cases. The ISSC wave
spectrum is selected as a representative for illustration. Figs. 24 and
25 show the calculated SSA values in extreme sea state and design
sea state, respectively.

As seen from the results, the influence of directional function on
ship responses differs from different wave headings. For example,
the roll motion decreases with the increasing of n from 1 to 8 for
head and following wave conditions, while it increases with the
increasing of n from 1 to 8 for beam and quarter wave conditions.
However, the sectional VBM and VSF increasewith the increasing of
n from 1 to 8 for head and following wave conditions, while they
decrease with the increasing of n from 1 to 8 for beam wave con-
ditions. The pitch, heave and acceleration are not very sensitive to
the varying of n for all the heading angle cases, they are however
more sensitive to the varying of ship heading angle.

6.4. Influence coefficients of wave directionality

The above analysis indicates that the influence of directional
function on ship responses differs from different wave headings.
For clarity, the ratio of response SSA value for the typical short-
crested waves (n¼ 2 case) to that for long-crested waves in
different cases are summarized in Table 8. The summarized ratio
coefficients will be helpful for the further estimation of the ship
motion and load responses in short-crested waves based on the
long-crested wave results.

As seen from the results, the roll motion of ship in short-crested
waves is much larger than in long-crested waves for head, beam

Fig. 21. Directional functions with different n.

Fig. 22. Influence of directional function on SSA values under extreme sea states.
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and following wave conditions; and the difference is much more
pronounced for high speed condition. Generally, the vertical

motion (i.e. pitch and heave) and acceleration are not so sensitive to
the variation of wave directional function. However, it should be

Fig. 23. Influence of directional function on SSA values under design sea states.

Fig. 24. Influence of direction function on SSA values under extreme sea states.
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noted that the pitch motion in short-crested waves is much larger
than in long-crested waves for beamwave condition. The sectional
VBM and VSF in short-crested waves are much lower than those in
long-crested waves for head and following wave conditions;
whereas they are much greater for beam or oblique wave
conditions.

7. Conclusion

In this paper, a series of seakeeping investigations, including
small-scale model tank test, large-scale model sea trial and nu-
merical calculation, were conducted on a ship to benchmark the
motion and load responses in short-crested irregular waves. Based

on the work carried out in this study, the following conclusions can
be drawn:

(1) The comparison between the small and large scale model
tests shows that the 2D long-crested waves over-estimate
ship pitch and sectional load responses in head wave con-
ditions compared with 3D short-crested waves; the pitch
and sectional load responses of ship in 2Dwaves are however
more close to those induced by the dominant sea waves.

(2) The adopted direction spectral analysis method combined
with 3D hydroelasticity theory is capable and applicable for
the estimation of ship motion and load responses in short-
crested waves. Good agreement between the results by

Fig. 25. Influence of direction function on SSA values under design sea states.

Table 8
Ratio of ship response in short-crested waves to that in long-crested waves.

Heading (�) Roll Pitch Heave Acceleration VBM VSF

5 kn 18 kn 5 kn 18 kn 5 kn 18 kn 5 kn 18 kn 5 kn 18 kn 5 kn 18 kn

0 �� �� 0.960 0.960 1.107 1.096 1.083 0.999 0.838 0.845 0.835 0.840
15 1.854 2.487 0.949 0.946 1.103 1.085 1.069 0.979 0.850 0.855 0.850 0.852
30 1.062 1.287 0.921 0.913 1.086 1.050 1.014 0.929 0.904 0.903 0.908 0.905
45 0.858 0.890 0.900 0.892 1.043 0.996 0.918 0.886 1.069 1.049 1.073 1.066
60 0.841 1.100 0.952 0.960 0.973 0.934 0.840 0.895 1.734 1.662 1.682 1.659
75 1.015 1.707 1.382 1.401 0.898 0.880 0.914 1.070 6.146 5.322 5.640 4.653
90 1.352 1.669 6.904 7.337 0.875 0.881 1.338 1.750 2.853 2.962 3.494 3.584
105 1.069 0.917 1.220 1.077 0.926 0.939 0.897 1.103 1.514 1.228 1.406 1.159
120 0.822 0.617 0.952 0.976 1.001 1.074 1.036 1.732 1.243 1.375 1.262 1.317
135 0.752 0.709 0.914 0.962 1.066 1.182 1.114 2.345 1.060 1.198 1.106 1.290
150 0.876 2.095 0.937 0.971 1.101 1.214 1.186 2.230 0.929 0.928 0.942 0.946
165 1.549 5.013 0.960 0.978 1.112 1.199 1.190 1.715 0.864 0.847 0.856 0.840
180 �� �� 0.970 0.984 1.114 1.187 1.197 1.601 0.846 0.827 0.831 0.811
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experimental measurement and theoretical calculation is
also achieved.

(3) The vertical motion (i.e. pitch and heave) and acceleration
are not very sensitive to the varying of the directional func-
tion. The long-crested wave condition over-estimates hull
sectional VBM and VSF compared with short-crested wave
condition for head and following wave conditions. Moreover,
the influence of directional function on ship responses differs
from different wave heading conditions. The concluded co-
efficient list provides useful reference for the further rapid
estimation of ship motion and load responses in short-
crested waves based on the long-crested wave response
estimations.

In this paper, the large-scale model sea trial is reported as a
novel seakeeping measurement technique, which will help get real
and accurate motions and wave loads results for ship design and
assessment. Although with some disadvantages such as expensive
and time-consuming, large-scale model testing approach is still a
potential tool in the investigation of ship hydrodynamics in actual
short-crested sea waves. Nevertheless, it should be mentioned that
the laboratory tank test certainly has its obvious advantages such as
environment well-controlled and cost-saving.

Moreover, it is worth mentioning that investigation of ship hy-
drodynamics behavior under extreme sea conditions by large-scale
model measurement is effective and meaningful. It is safe enough
to conduct large-scale model tests under extreme sea conditions
since the experimental sea waves are reproduced in model scale.
The waves encountered by large-scale model are realistic short-
crested waves, which are also fully associated with nonlinear
characteristics such as shape crest and flat trough.
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